We report the fabrication of a highly nonlinear, polarization-maintaining, silica holey fiber with an effective area of -2.5j.d at 1550nm. Nonlinear switching is demonstiated in a 3.3m long regenerative switch basedon SPM with appropriate band pass filtering.
Introduction
Holey optical fiber technology allows a range of unique optical characteristics, such as single mode guidance at all wavelengths, fibers with anomalous dispersion in the visible spectrum, and flat dispersion over broad bandwidths [1, 2] . One of the most interesting possibilities from a telecommunications perspective is the scope that holey fiber (HF) technology allows for tailoring the mode area and thereby the nonlinear characteristics of a single mode fiber. The large index difference between silica and air allows the production of holey fibers with a very high numerical aperture and thus a tightly confined mode. Our simulations show mode areas as low as lpm' should be achievable at 1550nm. At the other extreme, holey fibers with very small holes ( 4 0 n m diameter) at a very large pitch (10's of pm's) can be made. Such fibers can thus have a very low and accurately controlled effective numerical aperture, and thereby allow for very large single-mode core sizes with correspondingly low optical nonlinearity. For example, it is possible to design sqictly single-mode fibers with mode areas in excess of lO0Opm' at a wavelength of 1550nm.
All-optical nonlinear devices are required for a range of optical processing applications in telecommunications including all-optical demultiplexing, wavelength shifting, routing and regeneration. Semiconductor based devices are appropriate for many applications but ultimately suffer kom a limited response speed. Hence there is much interest in fiber devices based on the effectively instantaneous Kerr nonlinearity of glass. Unfortunately the nonlinearity of silica is inherently low and nonlinear fiber devices are typically -1km in length, rendering them unsuitable for real-world applications. Conventional silica fibers have an effective area of -50-1OOpm' as compared to the anticipated -1pm' possible in HFs. HF variants of standard nonlinear fiber devices e.g. Kerr gates, NOLMs etc. can thus be 10-100 shorter than the equivalent devices constructed using conventional fibers. Here we report the fabrication of such a highly nonlinear fiber with a mode area of -2.8pm' at 1550nm. To our knowledge, this is the smallest effective area reported for a fiber at 1550nm. In addition, we report an all-optical switch based on just 3.3m of HF with a switching power of 40W. We show that the nonlinear characteristics of the switch are suitable for alloptical regeneration. We believe this to be the first reported use of a holey fiber in an optical switch.
Fiber characteristics
An SEM of our highly nonlinear HF is shown in Fig.l(a) . The fiber has a core diameter of approximately 1.5ym, and the holes in the cladding range from 0.1 to lpm in diameter. This fiber was fabricated by stacking silica tubes around a silica rod, which ultimately becomes the core. The small structure size and the large air fill fraction combine to produce a fiber with a very small effective core size. Note that $e outer diameter of this fiber is 125pm, and so extremely small structure dimensions have been achieved without compromising the practicality and handling of the fiber.
The effective mode area of the guided mode in this fiber was measured using a dual-frequency beat-signal nonlinear spectral enrichment technique [3, 41. We amplified 5ns, dual-frequency, square pulses at 1550nm to a peak power of -5OW, and coupled roughly 20% of this power into 50cm of the HF. The fiber nonlinearity creates spectral sidebands on the high power dual frequency signal, and we recorded the output spectra and measured the ratio between the signal and first sideband power as a function of transmitted power. The relative intensity of the first side band gives the nonlinear phase shift in the fiber. These results are shown in Fig. 1 (b) along with a weighted least-squyes !inear regression. The nonlinear phase increases linearly with peak power, and the slope of the fit gives the nonlinearity. We extracted the value A, = 2.8(&.5) pm', which is to our knowledge the smallest reported effective area for a holey fiber at 1550nm. This agrees well with our numerical prediction of 2.9p.m' for a core size of 1.46km and hole diameters 0.72pm (values extracted from Fig.l(a) ). As well as having such a large nonlinearity, our HF has other important properties. Firstly, we observed that the fiber is robustly single-mode in at least the wavelength range 488-155Onm. Secondly, we measured the group velocity dispersion (GVD) of a 2.5m length of this fiber at 1550nm using a conventional electronic phasemeasurement technique [3] . The measured GVD was -130ps/(nm km) (anomalous dispersion). Finally, the fiber was found to be highly birefringent with a beat length of -1".
The reason for this is immediately apparent from Fig.l(a) , which shows that two of the holes near the core are larger than the other three, and that the large holes are located diametrically opposite to each other. This asymmetry, when combined with the large refractive index contrast between core and cladding and the small structure size, leads to strong bireii-ingence effects and a correspondingly short beat length, which is considerably shorter than that achieved in either Panda or Bow Tie fiber types. A polarization extinction of -18dB was maintained over a length of -2.5m of this fiber.
Optical Switch Demonstrator
AS a holey fiber device demonstrator, we constructed a nonlinear optical switch. Our specific implementation, first demonstrated using conventional fibres by Mamyshev et al.
[6], can be used as the basis for a 2-Rd-optical regenerator for RZ signals and is based on the generation of self-phase modulation (SPM) and subsequent (narrowband) optical filtering. The regeneration technique makes use of the fact that the degree of spectral broadening due to SPM increases with pulse intensity. A filter with its peak transmission wavelength offset from the central wavelength of an incoming data stream passes only nonlinearly generated spectral components lying within the filter pass band. Low power pulses generate little SPM and are largely rejected by the filter, whereas higher power pulses generate appreciable SPM and significant pulse power is transmitted. It can be shown that around some critical input pulse intensity I, the intensity of the output pulses I, becomes independent of I,, providing I, is large enough to produce sufficient SPM. Such a nonlinear response can be used as the basis for 2R regeneration since 'noisy' zero bits are suppressed and "noisy" one bits have their intensities equalized.
For our demonstration, we used 3.3m of the HF as the SPM generating nonlinear medium (see Fig.2 ). The data stream consisted of -2ps soliton pulses (originally at 10 GHz) modulated down to an effective data rate of -600
Mbit/s using a LiNb03 modulator. The pulses were amplified using an Erbium-Ytterbium-doped fiber amplifier to an average power of 70mW. Care was taken to ensure that the polarization of the signal launched into the HF was 
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aligned to one of its principal axes. A tunable filter was used to obtain the nonlinearly generated pulses at the'output. .The filter bandwidth was 1.3nm, which ensured that the output pulses were of a similar spectral and temporal width to those at the input. A measurement of the transfer function of the data regenerator is shown in Fig.3a . The graph gives the peak power of the amplified pulses launched into the HF versus the pe& power of the pulses obtained directly after the tunable filter. The measurement was taken for a filter position 1.93nm away from the central wavelength of the incoming pulse stream. The desirable feature of a low-gradient characteristic for the regions of both low and high intensity is clearly demonstrated. Note that this can be sharpened up substantially by concatenating further regenerator stages and which would allow the potentially undesirable associated wavelength-shift to be removed. We experimentally simulated noisy data by shifting temporally the modulation window of the modulator to lie close to the edge of the incoming lOGHz pulses. In addition, the DC bias of the LiNbOs modulator was set to give a poor extinction ratio. This enabled us to conveniently simulate "ones" of uneven amplitude, and imperfectly suppressed "zeros", An example is shown in Fig.3b . The regenerated data correspond to the stream shown in Fig.3b is shown in Fig.3~ . The offset level due to the noisy "zeros" has been removed, and the "one" bits have had their amplitudes equalized. Note that the apparent structure in the pulse tails in Figs.3b-c is ringing caused by the detector. 
Conclusion
We have demonstrated a highly nonlinear holey fiber with -30-40 times the nonlinearity of a conventional fibre and demonstrated its use in a simple optical switchhegenerator. A 3.3m device required just 40W of optical power to generate a nonlinear phase shift of -2n, highlighting the power/device length scaling advantages provided by the use of such a fiber. We consider a further 2-3 fold increase in nonlinearity/device length can be achieved at 1550nm in a silica HF. Moreover, the feasibility of HF fabrication in higher nonlinear coefficient glasses such as chalcogenides has recently been demonstrated offering the possibility of a further 50-100 fold increase in nonlinearity. One can thus begin to contemplate a route'to reducing the switching powers for meter long fibre devices to the mW regime opening the way to a whole range of practical nonlinear fibre device possibilities.
